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Abstract 

A natural, non-supersymmetric solution to the hierarchy problem generically requires 
fermionic partners of the top quark with masses not much heavier than 500 GeV. We 
study the pair production and detection at the LHC of the top partners with elec- 
tric charge Qe = 5/3 (^5/3) and Qe = —1/3 (B), that are predicted in models where 
the Higgs is a pseudo-Goldstone boson. The exotic T^/-^ fermion, in particular, is the 
distinct prediction of a LR custodial parity invariance of the electroweak symmetry 
breaking sector. Both kinds of new fermions decay to Wt, leading to a ttWW final 
state. We focus on the golden channel with two same-sign leptons, and show that a 
discovery could come with less than 100 pb^^ (less than 20fb~^) of integrated lumi- 
nosity for masses M = 500 GeV (M = ITeV). In the case of the T^/s, we present a 
simple strategy for its reconstruction in the fully hadronic decay chain. Although no 
full mass reconstruction is possible for the B, we still find that the same-sign dilepton 
channel offers the best chances of discovery compared to other previous searches that 
used final states with one or two opposite-sign leptons, and hence suffered from the 
large tt background. Our analysis also directly applies to the search of 4th generation 
b' quarks. 



1 Introduction 



If one looks at the formidable legacy left by the LEP experiments, probably the most precious 
clue to unravel the mystery on the nature of the Electroweak Symmetry Breaking (EWSB) 
is the evidence, although not yet conclusive, in favor of a light Higgs According to the 
modern understanding of field theories, combined with an intuitive naturalness criterion, 
the existence of a light scalar in the low-energy spectrum, such as a light Higgs boson, is a 
clear indication of a highly non-trivial completion of the Standard Model (SM), with a new 
symmetry and new particles. Or, it might be the sign of a dramatic failure of naturalness 
arguments [2]-S]. 

The most notorious example of symmetry protection for the light Higgs is Supersym- 
metry: according to its paradigm, the radiative correction of each SM field to the Higgs 
mass is fine tuned against that of a superpartner of opposite statistics. The top quark con- 
tribution, in particular, is balanced by the contribution of its scalar partners, the stops. 
Another kind of symmetry protection, however, could be at work: the light Higgs could be 
the pseudo-Goldstone boson of a spontaneously broken global symmetry [5H7]. In this case 
the radiative correction of the top quark to the Higgs mass is balanced by the contribution 
of new partners of the same spin. The naturalness criterium suggests that these new heavy 
fermions should have masses below, or not much heavier than, 1 TeV. It is the production 
of these top partners at the LHC that we want to study in this paper. 

Particularly motivated is the possibility that the spontaneous breaking of the global 
symmetry and the new states originate from a strongly-coupled dynamics. This would allow 
for a complete resolution of the Hierarchy Problem without the need of fundamental scalar 
fields, and would make it possible to generate a large enough quartic coupling for the Higgs 
via radiative effects. As suggested by the theoretical developments on the connection between 
gravity in higher-dimensional curved spacetimes and strongly-coupled gauge theories [Hlin], 
the strong dynamics that generates the light Higgs could be realized by the bulk of an extra 
dimension [10]. These extra-dimensional theories are not only fascinating because of the 
profound impact they would have on our understanding of high-energy physics, but are also 
extremely interesting as they admit, under certain assumptions, a perturbative expansion 
that allows one to compute several observables of key interest, such as for example the Higgs 
potential. 

The LEP precision data are once again crucial in guiding our theoretical investigation, 
as they seem to be compatible only with a specific kind of strong dynamics: the new sector 
must possess a custodial symmetry Gc =SU{2)c to avoid large tree-level corrections to the p 
parameter [TT]. This in turn implies an unbroken SU(2)/,xSU(2)^xU(l)x invariance of the 
strong dynamics before EWSB, meaning that its resonances, in particular the heavy partners 
of the top quark, will fill multiplets of such symmetry. It has been recently pointed out [12] 
that possible modifications to the Zbihi coupling can also be substantially suppressed, and 
the relative LEP constraint more easily satisfied, if the custodial symmetry of the strong 
sector includes a LR parity, Gc =SU(2)(7 x P^ji. More precisely, the Zb^hi vertex will 
not receive zero- momentum corrections from the strong dynamics if 6^ couples linearly to 
a composite fermionic operator transforming as a (2,2)2/3 under SU(2)ixSU(2)ii;xU(l)x 
(hypercharge being defined as F = Tjj + X). In this explicitly illustrated by the 

5-dimensional models built to incorporate the Pl^i protection [T314T6] . the heavy partners 
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of (tLjbi) can themselves fill a (2,2)2/3 representation. The latter consists of two SU(2)i 
doublets: the first, (T, B), has the quantum numbers of itL,bi)] the second - its "custodian" 
- is made of one fermion with exotic electric charge Qe = +5/3, T5/3, and one with charge 
Qe = +2/3, T2/3. Since the Higgs transforms like a (2, 2)o, the partners of tn, if any, will 
form a (1, 1)2/3 or a [(1, 3) © (3, l)]2/3 of SU(2)ixSU(2)RxU(l)x [E]. 

As explained in detail in Section [21 these new fermions are expected to couple strongly 
to the third generation SM quarks plus one longitudinal W, Z gauge boson or the Higgs. 
These interactions are responsible for both their single production in hadron collisions and 
their decay, while pair production will proceed via QCD interactions. The production at 
the LHC of the heavy fermions with electric charge +2/3 (the heavy tops T, T, T2/3) has 
been studied in detail in the literature, mainly because of their role in Little Higgs models. 
Pair production of the SU(2)i singlet T, gg,qq — )■ TT, was considered in [IT], focussing on 
final states with one charged lepton. The process with both heavy tops decaying to Wb 
was found to be the most promising, though channels with one neutral decay to Z or h 
help increase the discovery reach as well. The minimum integrated luminosity to have a 5a 
statistical significance, S/\/B = 5, was found to be Lmmi^a) = 2.1 fb~^ (90 fb^^) in the case 
of a heavy top with mass Mf = 500 GeV (1 TeV). As found in Ref. [18j, the significance is 
enhanced if the TT pair-production cross section receives an additional contribution from 
the exchange of a heavy gluon. Single production via bW fusion, qb — )■ q'T, was considered 
in Refs. fl9\, focussing on leptonic final states. It was found to extend the discovery reach 
to Mf = 2 (2.5) TeV, for L = 300 fb~^ and a value of the TbW coupling equal to Aj, = 1 (2). 

Pair production of the heavy fermion with electric charge —1/3 (the heavy bottom B) 
has also been recently considered in [201121] • The process gg, qq — )■ BB — )■ W'tW^t leads 
to spectacular events with AW^s and two bottom quarks, though its observability into final 
states with one charged lepton or two leptons with opposite charge is challenged by the large 
tt + jets SM background. To get rid of the latter, Refs. [20] and [21] performed hard cuts 
on the total effective mass respectively of the jets and of the entire event. Ref. [21] also 
proposed the use of the single-jet invariant mass distribution as a strategy to further isolate 
the signal events and reconstruct the hadronically decayed B. The basic idea is that the 
top and the W originating from the decay of a very massive B are highly boosted, and the 
quarks emitted in their hadronic decay will merge into a single jet with invariant mass Mj 
close to my/ or m^. 

In this paper we want to study the pair production of the B and of its custodial partner 
T5/3 proposing a different strategy to get rid of the ti+jets background: looking at final states 
with two same-sign leptons. Once pair produced, both the heavy bottom B and the exotic 
T5/3 decay to W~^W~^W~W~bb, although with different spatial configurations as dictated by 
their different electric charges, see Fig. [H In the case of the T5/3 the two same-sign leptons 
come from the decay of the same heavy fermion, allowing for a full reconstruction of the 
hadronically-decaying T5/3, while in the case of the heavy bottom they come from different 
-B's. Despite the fact that a full reconstruction of the B is not possible, we still find that 
the same-sign dilepton channel is probably the most promising one for its discovery. 

In the next section we present a simple effective lagrangian for the top partners valid at 
low energy. We then describe our Monte Carlo simulation (section and define our strategy 

^See also [22] for an earlier study. 
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states. 



(section H]). Sections |5] and |6] present our main analysis: first, we show the optimal cuts and 
characterize the best observables for discovering the heavy T5/3 and B without making any 
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to 
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results. 



2 A simple model for the top partners 



Although the main results of our analysis will be largely independent of the specific real- 
ization of the new sector, we will adopt as a working example the "two-site" description of 
Ref. p3], which reproduces the low-energy regime of the 5D models of p^[H] (see also [23] 
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec- 
tor of the elementary fields = iti,bL) and t^, and a composite sector comprising two 

1, 1)2/3 plus the Higgs (the case with partners of the tji in a 
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The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy 
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou- 
blet couples only to the composite fermions, and its Yukawa interactions to the SM and 
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen- 
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for 
simplicity, the same Yukawa coupling for both left and right composite chiralities): 



C=qL^qL + tR^tii 

+ Tr { Q (^ - Afg) Q} + f (^ - Mf) T + K Tr{Q?{} T + h.c 
+ ALqL{T,B) + AittRf + h.c. 



(2) 
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Figure 2: Associated single production of B and Tv^j'^ at the LHC. 



where Mq, Mf are the masses of the composite states, their Yukawa couphng and A^, 
A/j are the mixing masses between elementary and composite fields. After rotating to the 
mass eigenstate basis, the Yukawa Lagrangian reads (now denoting with g^, the SM fields, 
and with T, _B, T5/3, T2/3, T the heavy mass eigenstates): 



C^yuk =y* sin sin Lp^ {tL^\tR - hL<\) t^^ + cos v?l sin {T(\)\tii - B(\) Ir 
+ sin ifL cos (ti^^T - 6l0"t) + sin (f + fs/s^o^i?) 



(3) 



Here the dots stand for terms with two heavy fermions, and sinyj^ ^^ denote the degree of 
compositeness of the SM t^^R quarks: tampL = ^l/Mq, tampR = Ar/Mj, [23]. Equation ([3]) 
explicitly illustrates the specific pattern expected for the couplings of the heavy fermions: 
they couple to one (third-generation) SM quark of defined chirality plus one longitudinal 
W or Z boson, or the Higgs. The values of the couplings are linked to the SM top Yukawa 
coupling yt] in the two-site model, in particular, the largest couplings are to the SM fermions 
with the largest composite component. For example, if 1 < Y"* <^ 47r - as one naturally 
expects if the heavy fermions are bound states of a strongly coupled sector - the couplings of 
T, B, T5/3, T2/3 are large in the limit of tR mainly composite, Y^, cos </9i;, sin (pR ~ Y^, sin (pR ^ 
yt, while those of T are suppressed [23]. Also, the small ratio between the bottom and top 
quark masses can be easily explained in this scheme by assuming that the Br has a very small 
composite component. This in turn implies that any coupling of Br to the heavy fermions 
will be suppressed (for that reason we have omitted Br and its own partner(s) from the 
Lagrangian ([2])). Finally, notice that the presence of fiavour-changing neutral interactions 
distinguishes the heavy partners T, B from a fourth generation. 

As anticipated, the interactions of eq. ([3]) are responsible for both the decay and the single 
production of the heavy fermions (see for example Ref. [23] for a more detailed discussion). 
Pair production will instead proceed via QCD interactions. In this work we focus on the pair 
production of B and T5/3 at the LHC, considering two values of their mass: M = 500 GeV 
and M = 1 TeV. Both T5/3 and B decay exclusively to one top plus one longitudinally 
polarized W, with a decay width 



T{T,/3/B^tRWL) = —M 

oZtt 

where 



mf + (m2 - m^, 
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and M = Mt^^^ (M = Mb), A = Xt^^^ = Y^simpR (A = = cos if l simp in the case 
of T5/3 (B). For example, setting A = 3 gives T = 31 (82) GeV for M = 0.5 (1) TeV. Single 
productionproceeds via the diagram of Fig. [2|, and becomes dominant for heavier masses, 
see Fig. [3l □ For simplicity, although it is likely to be important for extending the discovery 
reach to larger masses, we will neglect single production in the present work. We will argue 
that this should not affect significantly our final results, and that it is in fact a conservative 
assumption. 

Finally, it is worth mentioning that no direct bounds on the heavy quark masses M^^^^, 
Mb exist from Tevatron, as no searches have been pursued for new heavy quarks decaying 
to tW. The CDF bound on heavy bottom quarks b', Mb' > 268 GeV, is derived assuming 
that b' decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the 
pair-production cross section of T5/3 or B at Tevatron is 201 fb (Ifb). For M = 300 GeV 
this corresponds to ~ 35 events in the same-sign dilepton channel, before any cut, with an 
integrated luminosity of 4 fb~\ suggesting that, although challenging, a dedicated analysis 
at CDF and DO could lead to interesting bounds on Mt^^^, M^ 

3 Signal and Background Simulation 

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels 
with two same-sign leptons. We consider two values of the heavy fermion masses, M = 
500 GeV and M = 1 TeV, and set ATg/3 = Ab = 3. As explained in the previous section, 
such large values of the couplings are naturally expected if the heavy fermions are bound 
states of a strongly coupled sector, and tji is mainly composite. Notice, however, that 
our final results will be largely independent of the specific values of Aj-^/g, A^, since the 
latter determine only the decay width of the heavy fermions. For our choice of couplings 
r = 31 (82) GeV for M = 0.5 (1) TeV. 

At the hard-scattering level, the process responsible for pair production to two same-sign 
leptons is: 

gg, qq -> BB, Tg/afg/s l^u l^u bb qqqq' . (6) 
The physical, observed final state is of the form 

pp ^ l^l"^ + n jets + , I = e, n , (7) 

^Notice that the exact expression for the couphng AT5/3 given by AT5/3 ~ (-^^T5/3/™w)(5/V2) sin0, 
where sm9 parametrizes the composite T2/3 component of the SM ta eigenstate after EWSB, which can be 
derived by diagonahzing the 4x4 mass matrix of charge 2/3 fermions. Here we approximate the exact value 
of sin 9 at first order in a power series of electroweak insertions, which gives sin 9 ~ vY^ sint/j/j/v^Afy^^^ for 
sin <C 1 . A similar expression can be derived for A b ■ This approximation breaks down for large values 
of F* and light masses M, so that 0(1) corrections to the value of the single production cross section in 
Fig. [3] are expected for M < 500 GeV and A ^ 3 — 4. We thank J. A. Aguilaar-Savedra for pointing this 
out. For example, for Mtj^j — 500 GeV, = 4, sinipR = 0.75, sintpL = 0.58, the exact diagonalization 

gives sin 6* = 0.69, to be compared with the perturbative value {vY^,sinipii/^/2MT^^.^) = 1.04. Even 0(1) 
corrections to the T5/3 and B decay widths, which are difficult to extract anyway due to the finite jet energy 
resolution, do not affect our analysis. 

■^An inclusive search for new physics with same-sign dilepton events was performed recently by CDF using 
1 fb~^ of data [M], although these results were not translated into bounds on B and T5/3 masses. It will be 
interesting to see whether the observed slight excess of events persists when using larger data sets. 

"^For example, AT5/3, As — 3 for = 3 and sin (pn, cos cpL — 1, see eq.(|3]). 
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Figure 3: Production cross sections at tlie LHC for T^j^ as functions of its mass. The dashed line 
refers to pair-production; the sohd and the two dotted curves refer to single production for the 
three values of the coupling (from highest to lowest) AT5/3 ~ ^* sin</?_R = 4, 3, 2. Cross sections for 
B are given by the same curves for the same values of As = Y^ cos if l sin(/?/j. 



where the number of jets depends on the adopted jet algorithm and on its parameters. In 
our analysis we will require n > 5; this choice will be motivated by the distributions and 
the considerations presented in the next section. The most important SM backgrounds 
to the process of eq.(l7]) are tiW + jets, tiWW + jets (including the tih + jets resonant 
contribution for rrih > 2mw), WWW + jets (including the Wh + jets resonant contribution 
for nih > 2mw), W^W^ + jets and Wl~^l~ + jets (including the WZ + jets contribution) 
where one lepton is missed. To be conservative and consider the case in which the background 
is largest, we have set the Higgs mass to m/j = 180 GeV. This greatly enhances the ttWW 
and WWW backgrounds. 

We have generated both the signal and the SM background events at the partonic level 
with MadGraph/MadEvent [27|,| and we have used Pythia [2H] for showering and to include 
the initial and final-state radiation (for simplicity, hadronization and underlying event have 
been switched off in Pythia). Jets have been reconstructed using F. Paige's GET JET cone 
algorithm with = 30 GeV and two different values of the cone size AR = 0.4, 0.7. 

The parton-jet matching has been performed following the MLM prescription m.E We 
have not included detector effects in our analysis, except for a simple gaussian smearing on 

'''The factorization and renormalization scales have been chosen as follows: /i = Mt,b for the signal; 
/i — 2mt + mw for ttW + jets; fi = 2mt + nih for ttWW + jets; fi = mw + "t-Zi for WWW + jets; /i = 2mw 
for W^W^ + jets. 

^The full chain of steps in the simulation process (linking MadGraph/MadEvent to Pythia, calling of 
Pythia, jet matching and jet reconstruction) has been performed using the package of dedicated programs 
in the MadGraph/MadEvent distribution [30]. 
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a[fb] 


a X BR{lH^) [fb] 


T^/^T^/^/BB+jets (M = 500 GeV) 


2.5 X 10^ 


104 


T^/^T^/^/BB + jets (M = 1 TeV) 


37 


1.6 


ttw W + jets [~_)ttri + jetsj 




o.i 


ttW^ + jets 


595 


18.4 


W+W-W^ + jets (D hW^+jets) 


603 


18.7 


W^W^ + jets 


340 


15.5 



Table 1: Signal and background cross sections at leading order (left column). The right column 
reports the cross section times the branching ratio to two same-sign leptons final states (e or ^). 



the jets (we have smeared both the jet energy and momentum absolute value by AE / E = 
100%/ a/ -E/ GeV, and the jet momentum direction using an angle resolution A0 = 0.05 
radians and At] = 0.04). 

The production cross sections for the signal and for the various backgrounds are reported 
m Tabled No K-factors have been included, since those for the backgrounds are not 
all available (the K-factor for the signal is ~ 1.8 (1.6) for M = 0.5 (1) TeV [31])- Given its 
complexity, we were not able to fully simulate the Wl^l^ + jets background, and for that 
reason we have not included it in our analysis. We have however estimated it as follows. 
First, one of the leptons coming from the pair in Wl~^l~ + jets has to be missed in 
order for this process to lead to a same-sign dilepton final state. A lepton is considered 
missed if it goes outside the electromagnetic calorimeter or the muon chambers {t] > 2.5), 
or if it is too soft to be detected (see for example [32]). In particular, if the lepton is missed 
because it is soft, it can be arbitrarily close to its companion in the pair, leading to a 
logarithmically enhanced collinear contribution if the pair originates from a virtual photon. 
A naive estimate based on the similar but simpler process gg,qq — ?■ qql^l~ indicates that, 
despite this log enhancement in the soft region, the contribution from the photon is much 
smaller than that from the Z, after the cuts on the missed lepton are applied. From 
the WZ + jets cross section we thus expect the Wl^l~ + jets background to be smaller 
than ~ 10 — 20% of the sum of the other backgrounds. This includes a ~ 10% efficiency due 
to the lepton veto. While this estimate shows that Wl^l~ +jets is not entirely negligible, the 
error due to its exclusion is within the uncertainty of our leading-order analysis. Moreover, 

^ Due to CPU limitations, in the case of the WWW + jets and W^W^ + jets backgrounds we were not 
able to generate with MadGraph/MadEvent all the partonic multiplicities required for a 5 jets analysis. In 
particular, we generated (and matched) the following partonic processes: WWW, WWWj, WWWjj, and 
W^W^jj, W^W^3j , W^W^Aj , with j — quark or gluon (notice that the processes pp — >■ W^W^ and 
pp — )• W^W^j do not exist due to the conservation of the electric charge). This means that of the 5 hard jets 
required in the analysis, one will necessarily originate from Pythia. This leads to a slight underestimation of 
these backgrounds, which is however negligible in our analysis, since WWW + jets and W^W^ + jets are 
largely subdominant after imposing the main cuts of the next section. In the case of the leading backgrounds 
ttw + jets and ttWW + jets all the required partonic multiplicities were instead generated. 

®We thank Mauro Moretti for poiting this out and for correcting an error in our previous estimate. 
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the Wl^l~ + jets cross section is expected to be strongly suppressed after requiring the 
reconstruction of one W and one top as done in section |6l 

Another potential source of background are tt + jets events where the charge of one of 
the two leptons from the top decays is misidentified. Given the large ti + jets cross section, 
even a charge misidentification probability Emis ~ a few x 10^^ would result into a same-sign 
dilepton background of the same order of ttW + jets. The value of Emis strongly depends 
on the pt and on the pseudo-rapidity of the lepton, and it is typically smaller for muons than 
for electrons. We find that the hardest lepton in the tt + jets events has a pt distribution 
peaked at values smaller than 100 GeV (the second hardest lepton has instead a significantly 
softer Pt distribution). For such low-pT leptons we have not found accurate estimates of 
Emis in the literature (studies on charge misidentification usually focus on leptons with very 
large pt, from several hundred GeV to a few TeV, for which Emis is larger). From the latest 
ATLAS and CMS TDRs, probabilities as low as ~ 10~^ seem to be realistic in the case 
of muons, while slightly larger values are expected for electrons [33l|3l]. If Emis = 10""^, 
the ti + jets background would be smaller by one order of magnitude than the dominant 
tiW + jets background in Table [H, hence safely negligible. In absence of a realistic estimate 
of Emis as a function of the lepton's pr and pseudo-rapidity, we decided not to include the 
ti + jets background events in our analysis. It is however clear that a specific and accurate 
estimate of this background is required to validate our results. 

Finally, it is worth commenting on the possible background due to possible additional 
leptons coming from b decays (that were not taken into account in our analysis). These 
leptons have a very soft px spectrum, so that the cuts imposed in section \5\ on the lepton 
transverse momentum (we require pt > 25 GeV for the softest lepton) , together with the 
isolation cut ARij > 0.4 between any lepton and jet, are expected to reduce such background 
to safely negligible levels. 

4 Defining our Strategy 

In this section we illustrate our strategy for the analysis of same-sign dilepton events. A 
first important information on the kinematics of signal and background events comes from 
the number of reconstructed jets, showed in Fig. IHfor two different choices of the cone size: 
AR = 0.4, 0.7. For AR = 0.4, the largest fraction of signal events have 5 or 6 jets, both in 
the case of M = 500 GeV and of M = 1 TeV (by signal here we mean either T5/3T5/3 or BI3 
events), while the total background distribution is peaked at smaller values (this is mainly 
due to the low jet multiplicity in the WWW + jets and W^W"^ + jets backgrounds). In 
the case of the signal, the hard scattering process produces 6 quarks, after the decay of the 
top and of the W. It turns out that for M = 500 GeV the 5-jet bin is mostly populated by 
events where the 6th jet is lost because it is too soft (i.e. it does not meet the minimum 
transverse energy requirement, Et > 30 GeV), whereas for M = 1 TeV the 5-jet bin mainly 
contains events in which two jets coming from a boosted W decay have merged into a single 
jet. This is clearly illustrated in Fig. El which shows the invariant mass spectrum of the 
hardest and next-to-hardest jet. For M = 1 TeV the invariant mass of the hardest jet has 

^Requiring the reconstruction of one W and one top as in section [5] is however expected to reduce 
significantly more the tt + jets events background than ttW + jets or ttWW + jets. 
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Figure 4: Fractions of signal and background events with a given number of jets for E^^" = 30 GeV 
and two different jet cone sizes: AR = 0.4 (left plot), and AR = 0.7 (right plot). 
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Figure 5: Invariant mass of the first (left) and second (right) hardest jet for AR = 0.4 (top) and 
AR = 0.7 (bottom). All distributions are normalized to unit area. 
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a peak in correspondence to m\y, while such a peak is absent in the case of M = 500 GeV, 
as well as in the distributions of the second hardest jet. We thus conclude that for a cone 
size AR = 0.4, signal events with M = 1 TeV have one "double" jet, while background and 
M = 500 GeV signal events have none. 

If one enlarges the cone size to AR = 0.7, the most populated bins in the distributions 
of Fig. m (right plot) are those with 4 and 5 reconstructed jets. This suggests that in this 
case, both for M = 1 TeV and M = 500 GeV, another pair of closeby jets, originating from 
the decay of the second hadronic W decay, is merged into a single, double jet. This is 
again clearly illustrated in Fig. |5] (bottom plots), where one can see that signal events with 
M = 500 GeV have one double jet with Mj ~ mw, while those with M = 1 TeV have two. 
There are even cases, for M = 1 TeV, where all three jets from the hadronic decay of the top 
merge into a single jet with Mj ~ rrit, see the left bottom plot of Fig. |5l We find, however, 
that the fraction of these "triple" top jets is relatively small. 

Identifying and selecting events with one triple and one double jet was the strategy 
adopted in Ref. [21] to discover and reconstruct heavy bottoms with M = 1 TeV (see also 
Refs. [35ti39| [T8] where a similar jet-mass technique was applied to different processes). Ac- 
cording to the authors of Ref. pT], the presence of these massive jets can discriminate the 
events of the signal from those of the background. In particular, an excess of more than 5a 
compared to the SM prediction can be obtained with L = 100 fb~^ by counting the number 
of jets with Mj ~ mw- This evidence alone, however, is not per se an indication that a 
heavy B has been produced (the boosted W could arise from a different process), and it has 
to be accompanied by a full reconstruction of the B invariant mass. 

The effective validity of such a single-jet mass technique seems to depend significantly on 
the adopted jet algorithm and the value of its parameters. The /ct algorithm ^0] was chosen 
in Ref. [21]. As the plots of Fig. [5] show, at least one double or triple jet can be resolved into 
individual jets by using a cone algorithm with AR = 0.4. Resolving as many jets as possible 
seems to be a better option than choosing a larger cone size and imposing only jet-mass 
constraints: First, because in the former case the QCD background will have a larger jet 
multiplicity (one or two jets more), hence a smaller cross section to begin with. Second, 
because the requirement of having two closeby jets (in our specific case with ARjj < 0.7) 
with an invariant mass Mj ~ niy^ (or Mj ~ nit) should be as effective as - if not more 
effective than - the cut on the invariant mass of the corresponding double (or triple) jet. 
Clearly, measuring the single-jet mass, as well as analyzing the jet substructure |35l|37], 
remain promising strategies for the cases in which the double jet cannot be resolved. 

For the reasons explained above, we decided to perform our analysis setting the cone 
size to AR = 0.4, and to require at least 5 reconstructed jets in the final state, both for 
M = 500 GeV and M = 1 TeV. Even in the case of M = 1 TeV, where the signal has 
typically one double jet, we preferred not to impose any cut on the single-jet invariant mass, 
trying to develop a strategy as independent as possible of the details of the detector and of 
the jet algorithm. In this sense our results are somehow conservative, as one can hope to 
eventually improve on them by making use of jet mass cuts. 

The invariant mass distribution of the Wt system is presented in Ref. [21] only for final states with one 
lepton, without however quoting the statistical significance of the resonant peak. 
^^See also [4T1|42] for the related issue of the identification of highly boosted tops. 
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signal 
(M = 1 TeV) 


ttw 


ttww 


WWW 


W^W^ 


Efficiencies {e.main) 


0.42 


0.43 


0.074 


0.12 


0.008 


0.01 


a [fb] X BRX Emain 


44.2 


0.67 


1.4 


0.62 


0.15 


0.16 



Table 2: Efficiencies of tlie main cuts of eq.®. Here signal means either T^/^T^^^ or BB events. 



5 Discovery Analysis 

In this section and in the next one we present our main analysis of same-sign dilepton events. 
We focus first on the discovery of the top partners, proposing a simple strategy that does 
not rely on any sophisticated reconstruction, nor does it require fe-tagging. We will adopt 
L = 10 fb"^ (L = 100 fb"^) reference integrated luminosity for the various plots in the 
case M = 500 GeV (M = 1 TeV), and we will consider two different scenarios (or "models"): 
in the ffist, both B and the exotic T5/3 are present with the same mass M; in the second, 
only B exists. 

Our main cuts to isolate the signal are the foUowings: 

2 same-sign ( p^(lst) > 50 GeV ( prilst) > 100 GeV 

leptons : ! pT{2nd) > 25 GeV jets : < pT(2nd) > 80 GeV > 20 GeV , 

(e or /i) [\vi\< 2.4 , ARij > 0.4 [n,et > 5, \r]j\ < 5 

(8) 

where 1st and 2nd refer respectively to the ffist and second hardest jet or lepton (electron 
or muon). The relative efficiencies are reported in Table O 

For 500 GeV masses, the signal is so much larger than the background after the cuts of 
eq.([8]) that a plot of the total invariant mass of the jets and the leptons (that is: the total 
invariant mass of the event, excluding the missing energy) gives a clear and striking evidence 
for a resonant production at M(„^(tot) = 2M, see Fig. [61 Moreover, by plotting the invariant 
mass of the hardest 5 jets one gets the additional indication of the presence of a resonance 
at Minvi^j) ~ M in the scenario with T5/3, see right upper plot of Fig. O Although this 
latter resonant peak is also quite evident, it is centered at values slightly larger than the 
true T5/3 mass, suggesting that the hardest 5 jets not always coincide with those originating 
from the hadronic decay of the new heavy fermion. A better resolution of the T5/3 mass 
can be obtained by demanding two b tags, and plotting the invariant mass of the hardest 
4 jets plus the 6-jet that has the largest AR with the softest lepton. This last requirement 
is useful to reduce the combinatorial background eliminating the b from the semileptonic 
decay of the top, as the latter is typically very boosted and its decay products emerge in a 
small angular cone. The dotted and dashed curves in the right upper plot of Fig. [6] show the 
invariant mass distributions obtained in this way. No 6-tagging efficiency factor has been 
included, in order not to commit to any specific value. Since typical 6-tagging efficiencies 

^^The case where T5/3 is much lighter than B is disfavored by electroweak precision data [24] . 
^•^The 5-tagging algorithm that we have used, from the MadGraph/MadEvent distribution [30], has an 
intrinsic tagging efficiency that we have however rescaled out. 
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Figure 6: Distributions after the main cuts of eq.Q for M = 500 GeV: a) Total invariant mass 
(upper left plot); b) Invariant mass of the hardest 5 jets (upper right plot); c) Transverse invariant 
mass of the system {llvvj), see text (lower plot). The dotted and dashed curves in h) correspond 
to the invariant mass of the hardest 4 jets plus the 6-jet that has the largest Ai? with the softest 
lepton. They assume two h tags, though no 6-tagging efficiency has been included, see text. 



at the LHC are of the order ei, ~ 0.5, the final distribution will be rescaled by a factor 
el ~ 0.25, suggesting that 6-tagging is probably not worth in the initial discovery phase, 
but it will be quite effective to obtain a better mass resolution after having accumulated 
sufficient statistics. 

Finally, some further crucial information on the kinematics of the events comes from the 
two same-sign leptons. In the case of the T^i^T^j^, events, one would like to reconstruct the 
leptonic decay of the second heavy fermion, although this is complicated by the presence of 
two neutrinos. Here we consider only a very simple reconstruction procedure, leaving more 
sophisticated approaches to future analyses. Figure El bottom plot, shows the transverse 
invariant mass of the system [two leptons + two neutrinos + jet closest to the softest lepton] 
- where "closest" here means "with the smallest Ai?" - defined as 

M^illvvj) = {Erm + ET{vv)f - IpriUj) + 

, . (9) 
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Figure 7: Distributions for M = 1 TeV: a) Total invariant mass after the main cuts of eq-dS]) (upper 
left plot); b) Total invariant mass after the extra cuts of eq. ()10p (upper right plot); c) Invariant 
mass of the hardest 4 jets, after the extra cuts of eq. (|10p (lower left plot); d) Transverse invariant 
mass of the system {lluvj), after the extra cuts of eq. (fTO]l . see text (lower plot). The dotted and 
dashed curves in c) correspond to the invariant mass of the hardest 3 jets plus the &-jet that has 
the largest Ai? with the softest lepton. They assume two h tags, though no 6-tagging efficiency has 
been included, see text. 



In the scenario with T5/3 partners, the transverse mass distribution has an approximate edge 
at Mj'(Z/z/z/j) ~ M due to the resonant leptonic decay, while it is smoother in the other 
scenario with only the B (where no resonance is expected in the system of the two leptons). 

For 1 TeV masses the SM background is still larger than the signal after the cuts of eq.®, 
but the resonant peak at Mj„„(tot) = 2M is already distinguishable in the total invariant 
mass distribution, see the upper left plot of Fig. [71 To further reduce the background and 
isolate the resonance we have performed the following extra "discovery" cuts: 

PT(lst jet) > 200 GeV , ^ \pT{li) \ > 300 GeV . (10) 

i=l,2 

The edge is only approximate because of the omission of the unknown invariant mass of the system of 
the two neutrinos in the definition 
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signal 
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WW 


Efficiencies (edisc) 


0.65 


0.091 


0.032 


0.16 


0.18 


a [fb] X BR X Ejnain X Sdisc 


0.43 


0.12 


0.02 


0.02 


0.03 



Table 3: Efficiencies of the extra "discovery" cuts of eq. ijlOp for the case M = ITeV. Here signal 
means either 75/3X5/3 or BB events. 







S 


B 


Ldisc 


M = 500 GeV 


T5/3 + B 
B only 


864 
424 


23 
23 


56 pb"^ 
147 pb"^ 


M = 1 TeV 


T5/3 + B 
B only 


83 
40 


19 
19 


15 fb"^ 
48 fb"^ 



Table 4: Number of signal (5) and background {B) events that pass the main cuts of eq.([8]) (eq.® 
and eq.([IO])) with L = 10 fb"^ (L = 100 fb"^) for M = 500 GeV (M = ITeV). The last column 
reports the corresponding integrated luminosity needed for the discovery {Ldisc)-, as computed by 
means of a goodness-of-fit test with Poisson distribution and p- value = 2.85 x 10^^ (see text). 

The corresponding efficiencies are reported in Table |3l After these cuts, similarly to the 
500 GeV case, finding the correlated resonant peaks in the total invariant mass and in the 
invariant mass of the hardest 4 jets would give strong indication that a pair of T5/3 has 
been produced with mass M = 1 TeV. This could be further confirmed by the transverse 
mass distribution of the {lli/uj) system. The presence of a resonant peak only in the total 
invariant mass would instead give evidence for a BB pair production. All these distributions 
are reported in Fig. [71 Notice that, differently from the 500 GeV case, here we have plotted 
the invariant mass of the hardest 4 (not 5) jets, since, as showed in section HJ for M = 1 TeV 
the signal typically contains one double jet from a boosted W decay. Accordingly, the dotted 
and dashed curves in plot c) of Fig. [TJ obtained by requiring two 6-tags, correspond to the 
invariant mass of the hardest 3 jets plus the 6-jet that has the largest AR with the softest 
lepton. 

By counting the number of signal and background events that pass the main cuts of eq.(|8]) 
(plus those of eq.f ini]) in the M = 1 TeV case), one can estimate the statistical significance of 
the signal over the background, as well as the minimum integrated luminosity required for a 
discovery. We define the latter to be the integrated luminosity for which a goodness-of-fit test 
of the SM-only hypothesis with Poisson distribution gives a p- value = 2.85x10"^ |43j.0 Our 
results are reported in Table |H In the most favorable case where both T5/3 and B partners 
exist and have mass M = 500 GeV, a discovery will need only ~ 56pb~^. In the 1 TeV case, 
the theoretical uncertainty on the SM background can reduce the significance of the observed 
excess. Nevertheless, our estimates should still be conservative as we did not include any 

^'^This p-value corresponds to a 5(t significance in the limit of a gaussian distribution. 
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Figure 8: Distributions of the pt of the W and t in signal events, normahzed to unit area. 





signal 
(M = 500 GeV) 


ttw 


ttww 


WWW 


WW 




0.62 


0.36 


0.49 


0.29 


0.15 


^top 


0.65 


0.56 


0.64 


0.35 


0.35 



Table 5: Individual efficiencies for the reconstruction of two Ws {e2w) and one top (etop) using 
the algorithm and the cuts described in the text for the case M = 500 GeV. The total efficiency 
for the top reconstruction is e2w x ^top- 

K-factor in our analysis, although it is known that next-to-leading order corrections enhance 
the signal cross section by ~ 80% (~ 60%) for M = 500 GeV (M = 1 TeV) [31j. Even 
a common K-factor k, for both the signal and the background would imply a statistical 
significance larger by a factor ~ ^/k, as well as a discovery luminosity smaller by the same 
factor. After an excess of events has been established, the compatibility with B or T5/3 pair 
production can be demonstrated using the shapes of the signal distributions of Fig. |6]and[7] 
for a given value of the mass. 

6 Mass Reconstruction 

More direct evidence for the production of a pair of T5/3 or B comes from reconstructing 
the hadronically decayed top quark and W boson, as well as from the distribution of the 
invariant mass of their system. 

In the M = 500 GeV case, we first select the events where two W^s can be simultaneously 
reconstructed, each W candidate being formed by a pair of jets with invariant mass in the 
window \M{jj) — my/\ < 20 GeV. To avoid wrong pairings and reduce the fake ones from 
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Figure 9: Invariant mass of the Wt system for M = 500 GeV with L = 10 fb^ . The dotted curve 
refers to the case in which 6-tagging is performed in the reconstruction, see text. It assumes two b 
tags, though no 6-tagging efficiency has been included. 



the background, we impose the following cuts: 



The pt cuts, in particular, have been optimized using the distributions of Fig. [SI If more 
than one pair of W candidates exists which satisfies the above cuts, we select that with the 
smallest = ^^"jji^^^ pair) + Ai?|^.(2nd pair). We then reconstruct the top by forming 
Wj pairs, made of one W and one of the remaining jets, with invariant mass in the window 
\M{Wj) —rritl < 25 GeV. If more than one top candidate exists, we select that with invariant 
mass closest to m^. We discard events where no top can be reconstructed. The efficiencies 
of this reconstruction algorithm are reported in Table [51 

The distribution of the Wt invariant mass is plotted in Fig. [9] As expected, in the 
scenario with T5/3 partners there is a resonant peak centered at M-r^^g = 500 GeV, while the 
distribution has a non-resonant, continuous shape if only Q^. = —1/3 heavy fermions exist. 
The dotted curve refers to the case in which 6-tagging is performed in the reconstruction 
algorithm. In more detail, we have selected events with two b tags and we have reconstructed 
the top from Wb pairs, excluding at the same time the b jets when selecting the W jet pair 
candidates. As before, no 6-tagging efficiency has been included. 

In the 1 TeV case the algorithm for the reconstruction of W and t has to be modified, 
to take into account that signal events often contain one double jet, as shown in section [U 
As the various reconstruction requirements will themselves reduce the background, we can 
start our analysis imposing a set of extra cuts, in addition to those of eq.®, that is less 
aggressive than those demanded in eq.f jTOj) for the discovery. We require: 



ARjj < 1.5 , \MW)\ > 100 GeV 
ARjj < 2.0 , \pt{W)\ > 30 GeV 



on the first W candidate ; 



on the second W candidate . 







(13) 
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Table 6: Efficiencies of the extra "reconstruction" cuts of eq. ()13p for the case M = ITeV. Here 
signal means either T^/^T^/^ or BB events. 
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0.22 
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0.18 


0.04 


0.06 
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0.07 



Table 7: Efficiencies of the algorithms and the cuts described in the text for the case M = 1 TeV: 
reconstruction of two {e2w) or one (eiiy) W^s; reconstruction of the top as Wj using events with 
two (elojT'l^ ~ Wj)) or one {s\^^\t = Wj)) W^s; reconstruction of the top from a pair of jets 
(.£top{t = jj))- 

The corresponding efficiencies are reported in Table [61 We design our strategy so as to be 
successful in three different situations: i) no double jet is present in the event; ii) there is one 
double jet corresponding to the W boson emitted in the primary decay of the heavy fermion; 
iii) there is one double jet originating from the decay of the top quark. In the ffist case the 
reconstruction can proceed as for M = 500 GeV, using events with two reconstructed W^s; 
in the last two cases instead, the presence of one double jet implies that only one W should 
be required. We thus divide the events into two samples as follows: those in which two W^s 
can be reconstructed, each made of a pair of jets with \M{jj) — mw\ < 20 GeV; and those 
where only one W can be reconstructed. The two W candidates of each event in the ffist 
sample are required to satisfy the following cuts: 

ARjj < 0.7 , IMW) I > 250 GeV on the ffist W candidate ; (14) 

ARjj < 1.5 , \pt{W)\ > 80 GeV on the second W candidate . (15) 

Events of the second sample are instead selected imposing the cuts of eq.( IT5l) on their W 
candidate. The efficiencies for the reconstruction of two and one W (equal to the percentage 
of the total events classified respectively in the ffist and second sample) are reported in 
Tabled 

We thus reconstruct one top from Wj pairs with \M{Wj) — mt\ < 25 GeV, as for M = 
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Figure 10: Invariant mass of the Wt system, for M = 1 TeV and L = 100 fb^ , obtained following 
the three reconstruction procedures described in the text (first three plots). The dotted curves 
in the first and second plot show the effect of performing the 6-tagging in the top reconstruction. 
They assume two b tags, though no 6-tagging efficiency has been included. The lower right plot 
shows the total Wt distribution obtained by combining the events of the first three plots. 



500 GeV, using events of the first sample (those with two W^s). Events where no top can 
be reconstructed are removed. The corresponding efficiency, labeled as ef^\t = Wj), is 
reported in Table [3 The final invariant mass of the Wt pair is plotted in Fig. [TOl upper 
left plot. The dotted curve refers to the case in which 6-tagging has been performed in the 
reconstruction, according to the same procedure adopted in the M = 500 GeV case. 

Events from the second sample (those with one W) are used to reconstruct the top in two 
possible ways: first, the reconstruction is attempted selecting Wj pairs with \M{Wj)—mt\ < 
25 GeV; in case of unsuccess, we then try to reconstruct the top forming pairs of jets with 
\M{jj)—mt\ < 25 GeV, where one of the two is assumed to be a double jet. If more than one 
top candidate exists, we select that with invariant mass closest to . If instead none is found 
the event is removed. The efficiencies of these two reconstruction procedures, respectively 
labeled as el^p ' {t = Wj) and etop{t = jj), are reported in Table [3 Events with one W 
in which the top is reconstructed as Wj are those where the double jet corresponds to the 
W boson emitted in the heavy fermion primary decay. It turns out that such double jet is 
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usually the hardest among the remaining jets (those not involved in the top reconstruction). 
We thus plot the invariant mass of tj, where j is the hardest other jet with p-r > 80 GeV, see 
the upper right plot of Fig. [TOl As before, the dotted curve shows the effect of performing 
the 6-tagging in the top reconstruction. For events with one W and the top reconstructed 
from a pair of jets we plot instead the tW invariant mass, see the lower left plot of Fig. [101 
As illustrated in the first three plots of Fig. [101 all three different methods that we have 
described for reconstructing the hadronically decayed T5/3 are quite successful: the resonant 
peak at Mt^^^ = 1 TeV is always clearly distinguishable over the non-resonant distribution 
due to the B. The presence of the peak would thus give the ultimate evidence in favor of 
the T5/3, whereas its absence would rather indicate that a pair of -B's has been produced. 
To enhance the statistical significance, the events from the three plots can be combined into 
a single distribution, shown in the lower right plot of Fig. [TOj 

7 Discussion and Outlook 

The results of sections [5] and [6] show that the analysis of final states with two same-sign 
leptons at the LHC is an extremely promising method to discover the top partners B and 
T5/3. By requiring two same-sign leptons one avoids the large tt background and selects a 
particularly clean channel where evidence for the existence of the heavy fermions could come 
in the early phase of the LHC. The estimate of section [5] suggests that a discovery could be 
claimed already with ~ 50 pb~^ or ~ 150 pb~^ for M = 500 GeV, respectively if both B and 
T5/3 or only B exist. Even without 6-tagging, and before reconstructing the hadronically 
decayed W and top, one can have a first crucial indication on the value of the mass of the 
heavy fermions from the distributions of the total invariant mass and the invariant mass of 
the hardest 5 or 4 jets. The presence of a resonant peak in both distributions, respectively 
at Mj„^,(tot) ~ 2M and Mj„^ (hardest 5 or 4 jets) ~ M, would be specific evidence for the 
production of the T5/3. 

Although the use of 6-tagging can increase the resolution of the resonant peaks, hence 
their statistical significance, the ultimate evidence for the discovery of T5/3 would come from 
its reconstruction in the Wt invariant mass. As our explorative study indicates, the strategy 
to follow in that case will need to be optimized according to the value of the heavy fermion 
mass M. In general, it will be preferable to suitably choose and tune the jet algorithm to 
individually resolve as many jets as possible. In the case of a cone algorithm, this means 
choosing a not too large cone size. We found that AR = 0.4 gives good results, as it permits 
to resolve all the jets from the decay of the top and the W for M = 500 GeV, while only 
one double jet is typically present in the signal events for M = 1 TeV. In this respect our 
analysis differs from that of Ref . [21] , where the proposed strategy to reconstruct 1 TeV 
heavy bottoms was that of selecting and pairing jets with invariant mass close to rrit and 
mw- In the case of the B, its full reconstruction will be only possible by analyzing events 
with one or two opposite-sign leptons. For that purpose, the first rough indication on the 
value of M extracted from the same-sign dilepton events will serve to guide the analysis 
and optimize the cuts needed to kill the large SM background. In this sense, the use of all 
final states with different lepton multiplicities will permit to discriminate different scenarios 
where only one or both top partners exist. 
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Ultimately, a crucial information to understand the origin and the role of the heavy 
fermions would come from the measurement of their decay width, which will in turn lead 
to a determination of their couplings \t^^.^^b- As already stressed before, a large value of 
-^Tg/g.B will be strong circumstantial evidence for the compositeness of the heavy fermions. 
Extracting the decay width from the invariant mass distribution will be challenging, as one 
will have to cope with the issue of jet energy resolution. Most likely, a measurement will be 
possible only with large statistics and will require more sophisticated W and t reconstruction 
techniques. 

In this analysis, we only considered the model-independent pair production of the top 
partners, neglecting their single production. At the LHC the latter proceeds through Wt 
fusion, via the diagram of Fig. |2l and leads to final states with tiW + jets. It will thus 
contribute to the same-sign dilepton channel, enhancing the significance of the new physics 
signal over the SM background. Its effect will be more important for heavier masses M (for 
which the pair-production cross section is more suppressed) and larger couplings Xt^^-^^b- 
However, due to the absence of a second, hadronically decaying top partner, events from 
single production will not give a resonant contribution to the Wt invariant mass distribution, 
or to the invariant mass of the hardest 4 or 5 jets. In this sense, the inclusion of single 
production should not dramatically affect the results of our simplified analysis, and it could 
even lead to a larger statistical significance in the first discovery phase. It is clear, however, 
that a dedicated analysis will be required to assess the actual importance of single production, 
and to determine its potentialities in extending the LHC discovery reach for larger values of 
the heavy masses M. 

Given the strong theoretical motivations for a search of the heavy partners of the top, 
we think that our explorative study would also deserve to be followed by a dedicated exper- 
imental investigation. Our results suggest that the same-sign dilepton channel might be one 
of the golden modes to discover the top partners B and T5/3, but only a complete analysis 
with a full simulation of the detector effects, an exact calculation of the Wl^l~ + jets and 
ti+jets backgrounds, and the use of fully realistic reconstruction techniques will eventually 
establish its ultimate potentialities. 
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